• Hippocampal and amygdalar miR-132 and miR-212 are induced after acute stress.
Introduction
Anxiety disorders are a class of neuropsychiatric ailments that often result from and/or are influenced by both genetic and epigenetic factors (Nugent et al., 2011; Poulton et al., 2008; Smoller, 2016) . Along these lines, gene expression can alter anxiety onset/severity through mechanisms that include DNA and histone modifications and non-coding RNA regulation (for review, see Issler and Chen, 2015; McEwen et al., 2012; Nieto et al., 2016) . As for the latter case, microRNAs are small, non-coding RNA molecules that modulate essential physiological https://doi.org/10.1016/j.neuropharm.2018.10.020 Received 27 June 2018; Received in revised form 25 September 2018; Accepted 14 October 2018 processes, such as cellular homeostasis and immune/stress responsiveness (for review, see Sharp, 2010, 2007; Haramati et al., 2011; Mendell and Olson, 2012; Wiegand et al., 2017) . Indeed, the ability of miRNAs to fine-tune gene expression positions them as excellent candidates for regulating stress and anxiety behaviors (Andolina et al., 2016; Cohen et al., 2017; Hollins and Cairns, 2016; Issler and Chen, 2015; Leung and Sharp, 2010; Malan-Müller et al., 2013; Mannironi et al., 2013 Mannironi et al., , 2018 O'Connor et al., 2012; Volk et al., 2014) .
Among these miRNAs is brain-enriched miR-132 (Vo et al., 2005) . A large body of work has characterized the miR-132/212 locus as a synaptic activity-dependent regulator of gene expression and plasticity within the CNS (Cheng et al., 2007; Jimenez-Mateos et al., 2011; Mellios et al., 2011; Nudelman et al., 2010) . With respect to its role in synaptic physiology, miR-132 has been shown to regulate hippocampal neuronal spine density, dendritic arborization, and long-term potentiation (Hansen et al., 2010; Nudelman et al., 2010; Tognini et al., 2011; Wayman et al., 2008) .
Recently, miR-132 has been shown to function as a modulator of cognitive capacity. Along these lines, transgenic overexpression of miR-132 was found to reduce spatial and recognition memory (Hansen et al., 2010; Scott et al., 2012) , while the targeted deletion of the miR-132/ 212 locus led to deficits in learning and memory (Hansen et al., 2016; Hernandez-Rapp et al., 2015) . Interestingly, dysregulation of miR-132/ 212 expression has been reported in patients with schizophrenia and bipolar disorder Perkins et al., 2007) . Further, miR-132 is increased in patients with depression (Li et al., 2013) , as well as in animal models that exhibit non-learned helplessness (Smalheiser et al., 2011) . Several groups have also reported a correlation between stress and miR-132 expression. For example, Meerson et al. (2010) showed that miR-132 is induced in the hippocampal CA1 region following chronic immobilization stress, while Shaltiel et al. (2013) demonstrated that predator scent and footshock stress leads to long lasting increases in hippocampal miR-132 and concomitant decreases in miR-132 target genes. Likewise, miR-132 is significantly increased in the prefrontal cortex of maternally separated rat pups (Uchida et al., 2010) and has been shown to modulate stress-induced chemokine production (Strum et al., 2009) .
These studies, coupled with our recent observation that miR-132/ 212 conditional KO mice displayed a heightened level of freezing behavior in the contextual fear conditioning paradigm (Aten et al., 2018a) , led us to test the relationship between the dysregulation of miR-132/212 and the appearance of anxiety-like behavior. Here, using RT-qPCR, we show that miR-132 and miR-212 are induced after both acute and chronic stress paradigms. Further, utilizing forebrain miR-132/212 knockout and transgenic targeting approaches, we demonstrate that the dysregulation of miR-132/212 expression leads to anxiety-related behaviors. Collectively, these data indicate that the miR-132/212 locus contributes to the manifestation of anxiety-like behavioral states.
Materials and methods

miR-132 transgenic and miR-132/212 knockout mice
The CaMKII-Cre::miR-132/212 f/f conditional forebrain neuron knockout (referred to as 'miR-132/212 cKO') mouse line was previously described by our lab (Hansen et al., 2016) . The miR-132/212 f/f animals were provided by Dr. J. Simon C. Arthur (University of Dundee, Scotland), and the CaMKII-Cre line (Tsien et al., 1996) was purchased from Jackson Labs (Stock number: 005359: Bar Harbor, ME, USA). Generation of the CaMKII-tTA::miR-132:CaMKII-Cre::miR-132/212 f/f mouse line (referred to as 'miR-132 transgenic') was recently reported in Aten et al. (2018a within the same population of excitatory forebrain neurons. For all experiments with transgenic and knockout mice, control (referred to as 'WT') animals were littermates that were negative for either the driver and/or responder genes. Genotyping for both the miR-132/212 cKO and miR-132 transgenic lines was previously described by our lab (Aten et al., 2018a; Hansen et al., 2016 Hansen et al., , 2010 . All mice utilized for experiments were bred, housed, and maintained under standard 12 h/12 h Light/Dark (LD) conditions and had ad libitum access to food and water. All behavioral and molecular experiments took place from the mid-to late-day light period. Experimental animals were screened, as described in Hansen et al. (2013) , to ensure that they did not have any vision deficits. Of note, for experiments examining miR-132 and miR-212 expression after stress paradigms ( Fig. 1; Supplementary Fig. 1-2 ), only male WT mice (8-12 weeks of age) were utilized to eliminate potential sex-specific effects. However, given the limited number of miR-132/212 cKO and miR-132 transgenic mice available, both males and females were used for behavioral and molecular experiments (Figs. 3-6); a sex-parsed presentation of data for WT, miR-132/212 cKO, and miR-132 transgenic anxiety behavioral experiments (Figs. 3 and 4) are provided in Supplementary figure 3. The Ohio State University Institutional Animal Care and Use Committee approved all protocols and methods, and all experiments were in accordance with the National Institutes of Health guide for the care and use of Laboratory animals.
Doxycycline treatment
In a subset of animals (Fig. 4) , temporal modulation of tetracyclineinducible miR-132 transgene expression was accomplished via the administration of doxycycline (0.40 μg/mL) to the drinking water. Using this technique, as previously described by Hansen et al. (2013) and Aten et al. (2018a) , we were able to reduce the expression of the miR-132 transgene. For the elevated plus and open field experiments, all animals (WT and miR-132 transgenic) were given this doxycycline dose for three weeks prior to the start of the experiment, and the animals remained on doxycycline throughout the duration of the experiment(s). Doxycycline water was changed every three days. Consistent with our previous data (Aten et al., 2018a; Hansen et al., 2013) , no significant effect of doxycycline was observed in control, WT animals (i.e. animals that were not positive for both the tTA and miR-132 driver/responder transgenes; data not shown).
Acute multimodal stress paradigm
Our acute stress test was adapted from Chen et al. (2010) and Zimprich et al. (2014) . Male WT mice (8-12 weeks of age) were divided into two groups (control and stress) and were given 30 min to acclimate to the testing room before the experiment began. For the acute stress paradigm, mice were placed in ventilated 50 mL conical tubes. Next, the tubes were secured on an orbital shaker in a brightly lit (∼400 lux) room, with loud music. Stressed animals were maintained in ventilated conicals for 5 h. Control animals remained in their respective cages for the 5 h period. After cessation of the stress paradigm, control and stressed animals were divided into three cohorts: one cohort was used for RT-qPCR analysis (Fig. 1B-E) , another for behavioral analysis ( Supplementary Fig. 1A-D) , and a final group for immunohistochemical analysis ( Supplementary Fig. 1E and F). For RT-qPCR analysis of miR-132 and miR-212 expression, stressed and control mice were sacrificed 30 min after the stress session ended (approximately 5.5 h after stress onset). The timing of sacrifice was chosen as it reflects the kinetics for inducible miR-132 expression (Nudelman et al., 2010; Vo et al., 2005) . For the behavioral analysis, stressed animals were given a 20 min resting period after the cessation of the multimodal stress paradigm before the open field test was conducted. This 20 min rest period was based on work by Zimprich et al. (2014) , which demonstrated that this delay period between the acute stressor and examination of the stress response was required to eliminate the confounding effects of a transient bout of grooming behavior. Finally, animals (stressed and control) were killed immediately after the stress session ended for immunohistochemical profiling of cFos. The specific timecourse/protocol for each of the three mentioned experiments is described in separate sections below.
Chronic restraint stress paradigm
The chronic restraint paradigm was adapted from Jeong et al. (2013) and Meerson et al. (2010) . In brief, stressed WT mice (males only) were restrained in ventilated 50 mL conical tubes for 2 h each day for a 15 day period. After each stress session, mice were placed back into their home cages. Control mice were handled daily while the stressed animals were restrained. Mice were also weighed every five days in order to assess body weight during the stress paradigm. Animals were sacrificed on day sixteen-24 h after the last restraint session-for RT-qPCR profiling of miR-132 and miR-212 expression ( Fig. 1G-J) . Post-mortem adrenal glands, thymus, and spleen were dissected from both control and stressed animals and were weighed to test the efficacy of the stress chronic restraint stress paradigm ( Supplementary Fig. 2 ).
RT-qPCR quantification of miR-132 and miR-212 expression levels in the hippocampus and amygdala
WT animals were killed 30 min after the cessation of the acute multimodal stress paradigm and 24 h after the last chronic stress session; tissue processing and RNA isolation were performed using methods described previously for the hippocampus (Aten et al., 2018a) , and the amygdala (Zapala et al., 2005) . RNA was reverse transcribed using the miScript II Reverse Transcription kit (Qiagen). The miScript Primer System (Qiagen) was used to quantify miR-132 and miR-212 levels: miR-132 primer sequence: 5′ UAACAGUCUACAGCCAUGGUCG (Qiagen, Cat# MS00001561); miR-212 primer sequence: 5'UAACAGU CUCCAGUCACGGCCA (Qiagen, Cat# MS00024570). For RT-qPCR, QuantiFast SYBR Green thermocycling conditions were used, following methods previously described by Alemayehu et al. (2013) and Aten et al. (2018a) . Data were normalized to RNU6B_2 levels, and fold change was calculated using Double Delta CT analysis.
Elevated plus maze
The elevated plus maze was run under dim white light (∼50 lux). The maze dimensions and structure were previously described by our lab . During the experiment, mice were placed in the center of the plus-shaped maze, facing an open arm and were given 5 min to explore. 70% ethanol was used to clean the maze between each trial. The total number of open arm transitions, cumulative open arm duration, and latency to enter an open arm was scored using Noldus Ethovision XT version 11.5 (EthoVision XT).
For the behavioral experiments depicted in Figs. 3-4, all mice (WT, miR-132/212 cKO, and miR-132 transgenic) were first run through the elevated plus maze. Two days later, the same animals were subjected to the open field test.
Open field assay
For examination of anxiety-like behavior in the three noted mouse lines (WT, , the open field test was conducted under dim white light (∼50 lux). Mice were placed in the arena and were given 5 min to explore. The bottom surface and the walls of the arena were wiped with 70% ethanol between each trial. Total time spent in the center of the arena, number of crosses into the center of the arena, and cumulative freezing time was scored by Noldus EthoVision XT version 11.5 (EthoVision XT).
To confirm hypothalamic pituitary adrenal (HPA) axis activation in WT mice after the acute multimodal stress paradigm, the same open field protocol was used as described above. Three common readouts of acute stress-responsivity were measured: number of rears, distance traveled, and velocity (Zimprich et al., 2014) . Note that number of rears was manually scored. A rear was defined as a mouse positioning itself on its hind legs, with its front legs off the ground.
Tissue processing for immunolabeling
Mice were sacrificed via rapid cervical dislocation, and brains were cut into 600 μm sections using a vibratome. Next, sections were fixed in 4% paraformaldehyde diluted in 1X phosphate-buffered saline (PBS) for 6 h (4°C) and then cryoprotected via overnight incubation in 30% sucrose (in 1X PBS). In preparation for immunolabeling, sections were thin-cut to 40 μm on a freezing microtome.
Immunohistochemistry
Sections were incubated for 20 min in 0.3% hydrogen peroxide in 0.1% Triton X-100 in PBS (PBST). Next, tissue was blocked for 1 h in 10% normal goat serum, followed by incubation at 4°C (for 8 h) with one of the following antibodies: rabbit anti-cFos (1:2000 dilution; Millipore, Cat# ABE457), rabbit anti-Sirt1/Sir2α (1:1000 dilution; Millipore, Cat# 09-845), or rabbit anti-Pten (1:100 dilution; Cell Signaling Technology, Cat # 9188P).
On the second day, sections were incubated in biotin-conjugated goat anti-rabbit IgG secondary antibody (1:1000 dilution; Vector Laboratories, Cat# BA-1000) for 2 h at room-temperature. Next, sections were processed using the ABC labeling method (Vector Laboratories Cat# PK-6100) and horseradish peroxidase enzymatic activity was visualized using nickel intensified diaminobenzidine labeling method (Vector Laboratories Cat# SK-4100). Of note, sections were washed three times (5 min/wash) in PBST between each labeling step. Finally, sections were mounted on gelatin-coated slides, washed in dH2O, and coverslipped with Permount Mounting Medium (Fisher Chemical). Bright field images were captured with a 16-bit digital camera (Micromax YHS 1300; Princeton Instruments) on a Leica DMIR microscope with Metamorph software (MetaMorph Microscopy Automation and Image Analysis Software). For the quantification of cFos labeling, digital images of the PVN, BNST, medial septum, central amygdala, and dorsal CA1 of the hippocampus were traced digitally from 1-3 sections per animal. Intensity levels for each section were background subtracted and quantitatively analyzed using ImageJ software. Mean intensity values for regions of interest were generated for each animal and the group average was displayed as the mean ± the standard error (SEM) for each noted brain region. For the quantification of Sirt1 and Pten labeling, digital images of the amygdala and the CA1, CA3, and GCL hippocampal subfields were acquired, and intensity values and quantitation methods were performed as described for c-Fos labeling.
Experimental design and statistical analysis
Statistics were performed using GraphPad Prism 7.0 (Graphpad Prism) software. All data are presented as the mean ± SEM. As denoted in the figure legends, significance for all experiments was set at *p < 0.05. Comparisons between two groups were performed using Student's two-tailed t-tests, while comparisons between three or more groups were made using a one-way ANOVA. Bonferroni post-hoc tests were conducted to show an interaction obtained from significant ANOVA results. To determine if there were significant interactions between two independent variables on the dependent variable, a twoway ANOVA was performed. Additionally, Grubb's test was conducted on data sets within each group, and animals that were found to be statistically significant outliers (p < 0.05) were removed from analysis. Grubb's test was used to exclude two control animals from the acute stress RT-qPCR data set and one WT animal from the Pten immunolabeling analysis. Further, for behavioral experiments, one WT animal, two cKO, and one transgenic animal used in the no-doxycycline anxiety paradigms were also found to be significant outliers, while one WT and one transgenic animal in the doxycycline behavioral experiments were significant outliers.
Results
Hippocampal and amygdalar miR-132 and miR-212 are upregulated after acute stress
Extensive work in several brain regions has characterized miR-132 as an activity-inducible gene (Cheng et al., 2007; Hansen et al., 2013; Hernandez-Rapp et al., 2015; Mellios et al., 2011; Nudelman et al., 2010; Tognini et al., 2011) . With these observations in mind, we aimed to test whether miR-132 is induced after an acute stress paradigm (Fig. 1A) . RT-qPCR analysis revealed that a 5-h long acute multimodal stress paradigm led to a two-fold increase in hippocampal miR-132, relative to control animals (Fig. 1B, t (17) = 2.270, p = 0.0365; Student's t-test); in the amygdala, stress also led to a two-fold relative increase in miR-132 expression (Fig. 1C, t (16) = 3.423; p = 0.0035; Student's ttest). Interestingly, miR-212 hippocampal and amygdalar expression was also increased (> two-fold in the hippocampus and > four fold in the amygdala) in acutely stressed animals ( Fig. 1D , t (17) = 3.583, p = 0.0023 for hippocampus and Fig. 1E , t (15) = 4.881, p = 0.00032 for amygdala; Student's t-tests). Together, these results demonstrate the inducible nature of the miR-132/212 locus after an acute stress paradigm.
To test the efficacy of the noted multimodal stress paradigm, a separate cohort of stressed and non-stressed animals was subjected to the open field test 20min after the cessation of the stress paradigm ( Supplementary Fig. 1A ). As expected, compared to control animals, mice that were exposed to the stress paradigm displayed behaviors associated with an elevated level of stress responsivity (Zimprich et al., 2014) ; hence, the stress paradigm led to a significant increase in the number of rears ( Supplementary Fig. 1B , t (9) = 2.283, p = 0.0483; Student's t-test), an increase in the total distance moved ( Supplementary Fig. 1C , t (9) = 2.378, p = 0.0414; Student's t-test), and an increase in the mean velocity ( Supplementary Fig. 1D , t (9) = 2.376, p = 0.0415; Student's t-test). An additional set of mice was sacrificed after termination of the stress paradigm, and tissue from these animals was processed for cFos induction-a readout of stress-induced neuronal activation (Hoffman et al., 1993; Senba et al., 1993; Cullinan et al., 1995) (Supplementary Fig. 1E and F) . Similar to results obtained by Maras et al. (2014) , the 5 h acute multimodal stress paradigm increased cFos counts in the paraventricular nucleus (PVN), bed nucleus of the stria terminalis (BNST), medial septum, and amygdala ( Supplementary  Fig. 1F , F (4, 36) = 16.5, p < 0.0001; two-way ANOVA). Specifically, cFos expression in the PVN, BNST, medial septum, and amygdala was significantly higher in stressed mice compared to control mice ( Supplementary Fig. 1F t (8) = 7.389, p < 0.001 for PVN; t (8) = 6.105, p = 0.0015 for BNST, t (8) = 4.762, p = 0.0070 for medial septum, and t (5) = 8.721, p = 0.0015 for central amygdala; Bonferroni post-hoc tests). cFos expression in the dorsal CA1 of stressed mice also showed a trending relative increase, though significance was not reached (Supplementary Fig. 1F t (7) = 3.388, p = 0.0580; Bonferroni post-hoc test). Collectively, these data indicate that our multimodal stress paradigm elicits the expected behavioral and molecular responses.
Amygdalar miR-132 and miR-212 are upregulated after chronic restraint stress
Given our acute stress results, we aimed to determine whether miR-132/212 induction in the hippocampus and amygdala is specific to acute stress exposure, or if chronic stress also leads to its induction. To this end, we exposed WT mice to 2 h of restraint stress (or brief handling for control animals) each day, for a 15 day period, before sacrificing the animals on day 16 (Fig. 1F) . Interestingly, no significant difference was observed in hippocampal miR-132 expression between control and chronically stressed mice ( A hallmark of chronic stress in mice is a decrease in body weight gain (Krahn et al., 1990) . To confirm the effectiveness of the chronic stress paradigm, mice were weighed every five days. Consistent with previous findings (Jeong et al., 2013; Voorhees et al., 2013; Yoon et al., 2014) , after 15 days of chronic restraint, body weight gain was significantly reduced in stressed mice compared to control mice (Supplementary Fig. 2A F (3, 60) = 4.416, p = 0.0072; two-way ANOVA). Specifically, body weight was lower in stressed mice on day 16 (Supplementary Fig. 2A t (15) = 3.238, p = 0.0220; Bonferroni posthoc test). Adrenal glands, thymus, and spleens were also weighed postmortem, as a measure of stress reactivity (Blanchard et al., 1993; Engler et al., 2005) . Again, consistent with previous findings (Stankiewicz et al., 2014; Voorhees et al., 2013) , after 15 days of restraint, stressed mice had increased adrenal mass ( Supplementary Fig. 2B , t (15) = 5.661, p < 0.0001; Student's t-test), decreased thymic mass ( Supplementary  Fig. 2C , t (15) = 3.524, p = 0.0031; Student's t-test), and a trend toward increased spleen weight ( Supplementary Fig. 2D , t (14) = 1.835, p = 0.0879; Student's t-test). Together, these support the effectiveness of the chronic restraint paradigm. Fig. 1. miR-132 and miR-212 are upregulated in the hippocampus and amygdala after acute multimodal stress and in the amygdala after chronic restraint stress. (A) Acute multimodal stress experimental design: WT animals were subjected to 5 h of acute multimodal stress, wherein mice were placed in restraint tubes which rocked on a laboratory shaker for 5 h. Loud music was also played in the room. (B) RT-qPCR for miR-132 was performed on RNA samples isolated from the hippocampus (B) and amygdala (C) of control and acutely stressed mice. Similarly, hippocampal miR-212 (D) and amygdalar miR-212 (E) expression was probed via RT-qPCR. (F) Chronic restraint stress experimental design: WT animals were subjected to 2 h of restraint each day, throughout the 15 day paradigm. On day 16, RNA was isolated from both chronically stressed and control mice and hippocampal (G) and amygdalar (H) miR-132 expression was examined using RT-qPCR. Similarly, hippocampal (I) and amygdalar miR-212 (J) expression was probed via RT-qPCR. For both acute and chronic paradigms, miR-132 and miR-212 expression in control animals was set equal to a value of one, and miR-132 and miR-212 expression in stressed mice was normalized to this value. Significance was examined with Student's t-test for each brain region, and data are presented as the mean ± SEM. *: p < 0.05; **: p < 0.01; ***: p < 0.001; n.s: not significant (p > 0.05). N = 9-10 mice per group.
Basal anxiety is affected by the dysregulation of miR-132 in forebrain excitatory neurons
Given our finding that stress paradigms trigger the upregulation of miR-132/212 in brain regions that underlie stress and anxiety responsiveness, we examined whether anxiety levels are affected by the dysregulation of miR-132/212. To this end, we employed a combination of conditional miR132/212 gain-and loss-of-function mouse lines. As detailed in the Methods section, and in Aten et al. (2018a) , the miR-132/212 loss-of-function mouse line (hereafter referred to as the 'miR-132/212 cKO' mouse line; Fig. 2A ) uses a Cre/lox gene deletion strategy to eliminate the miR-132/212 locus from excitatory forebrain neurons-including neurons of the hippocampus, amygdala, and cortex. For the gain-of-function mouse line (hereafter referred to as the 'miR-132 transgenic' mouse line; Fig. 2B ), a tetracycline/doxycycline-controlled CaMKII-tTA::TRE-miR-132 transgenic line (previously described by Hansen et al., 2010) was crossed with the miR-132/212 cKO mouse line. Transgenic expression of miR-132 was targeted to the same excitatory neuronal cell populations in which the miR-132/212 gene locus was deleted. Importantly, in the absence of doxycycline treatment, transgenic miR-132 is expressed at supraphysiological levels (Aten et al., 2018a) , and thus by applying doxycycline to the drinking water, this 'Tet-off' mouse line can be used to examine the effects of titered miR-132 expression. Using the elevated plus maze paradigm (Fig. 3A) , we found that the number of open arm transitions (a measure that is often used as a read-out of anxiety-like behavior; Walf and Frye (2007) ), was significantly affected by the gain-and loss-of miR-132/ 212 expression ( Fig. 3B; F To complement our elevated plus maze data, we also explored the anxiety phenotype of miR-132/212 cKO and miR-132 transgenic mice using the noted open field assay (Fig. 3E) . We found significant genotype-dependent differences in the total time spent in the center of the field, ( Fig. 3F ; F (2,33) = 4.337, p = 0.0218; one-way ANOVA). Specifically, miR-132 transgenic animals spent less time in the center of the field compared to WT mice ( Fig. 3F ; t (20) = 2.616 p = 0.0498; Bonferroni post-hoc test), whereas mean time spent in the center by miR-132/212 cKO mice did not significantly differ from WT mice ( Fig. 3F ; t (23) = 1.676 p = 0.322; Bonferroni post-hoc test). Further, the number of crossings into the center of the open field arena also varied by genotype ( Fig. 3G ; F (2,33) = 10.038, p < 0.0001; one-way ANOVA). miR-132 transgenic animals crossed into the center of the arena fewer times than WT animals ( Fig. 3G ; t (21) = 4.103 p = 0.0015; Bonferroni posthoc test), while the number of center crosses for miR-132/212 cKO mice did not significantly differ from WT animals ( Fig. 3G ; t (24) = 0.066; Bonferroni post-hoc test). Finally, a main effect of genotype on the overall immobility of animals in the open field test was observed ( Fig. 3H ; F (2, 33) = 4.043, p = 0.0269; one-way ANOVA). The total time spent freezing was significantly higher in miR-132 transgenic animals compared to WT animals ( Fig. 3H ; t (20) = 3.016, p = 0.0198; Bonferroni post-hoc test). The total immobility time was not significantly different between WT and miR-132/212 cKO mice ( Fig. 3H ; t (24) = 1.54 p = 0.4110). Together, the elevated plus maze and open field assay data indicate that the dysregulation of miR-132/212 led to anxiety-like behaviors.
Doxycycline mitigates the anxiety phenotype in miR-132 transgenic mice
To further test the relationship between miR-132 and anxiety-like behaviors, we examined whether the anxiety phenotype in miR-132 transgenic animals could be suppressed via doxycycline administration. To this end, naïve miR-132 transgenic mice and WT mice (mice that were negative for either the driver and/or responder genes) were maintained on drinking water containing 0.4 μg/mL doxycycline for three weeks and then tested using the elevated plus maze (Fig. 4A) . Of note, our prior work has shown that treatment with 0.4 μg/mL of doxycycline reduces transgenic miR-132 over-expression to physiological levels (Hansen et al., 2013) . Remarkably, we found that doxycycline mitigated the anxiety phenotype of miR-132 transgenic mice. Thus, no significant difference in the number of open arm transitions (Fig. 4E) . No significant difference in the time spent in the center, the number of crosses, or the total seconds immobile was observed between WT and miR-132 transgenic mice (Fig. 4F t (33 (Fig. 3) and WT mice maintained on doxycycline (Fig. 4) did not detect significant differences in any of the reported measures (data comparison not shown). Altogether, these data support the link between miR-132 and the induction of anxiety-like behavior.
Here, we note that both male and female WT, miR-132/212 cKO, and miR-132 transgenic animals were used in the above behavioral experiments. Hence, the results presented above (from Figs. 3-4) include both male and female pooled data sets. Given that sex differences in rodent anxiety paradigms have been reported (for review, see Donner and Lowry, 2013; Kokras and Dalla, 2014) , the noted data sets were also analyzed as separate female and male cohorts (see Supplementary  figure 3 ). In both the elevated plus maze experiments and in the open field experiments (both no-doxycycline and doxycycline conditions), we found no significant interaction between genotype and sex in any reported measure ( Supplementary Fig. 3A-L ; p > 0.05; two-way ANOVA). However, in the no-doxycycline open field experiment, we did observe a significant effect of sex in the total duration spent in the center and in the number of center crosses ( Supplementary Fig. 3G F (1,   29) = 8.652; p = 0.0064 for center duration and Supplementary Fig. 3H  F (1,30) = 8.703; p = 0.0061 for center crosses). Additionally, in the doxycycline open field experiment, we noted an effect of sex in the number of center crosses ( Supplementary Fig. 3K F (1, 33) = 6.163; p = 0.0183). Further, paralleling our pooled results, in each parameter measured (in both the no-doxycycline elevated plus and open field experiments), we did find a significant effect of genotype (Supplementary Fig. 3A -C; 3G-I; p < 0.05 for each parameter tested; two-way ANOVA). This genotypic effect was not observed in animals treated with doxycycline ( Supplementary Fig. 3D-F ; 3J-L; p > 0.05 for each parameter tested; two-way ANOVA). , and miR-132 transgenic mice (green). The boxed regions in the lowmagnification images approximate the locations of the regions that are depicted in the high-magnification panels (to the right for the hippocampus, and inset for the amygdala). (B) Quantification of Sirt1 immunolabeling in three hippocampal regions (the CA1, CA3, and GCL) and in the lateral amygdala. Note the increased expression of Sirt1 in the miR-132/212 cKO animals. Scale bar = 50 μm for the low magnification images (i.e., whole hippocampus and amygdala) and 30 μm for high magnification images (i.e., CA1 cell layer and GCL-lower blade). Data were analyzed by two-way ANOVA with Bonferroni posthoc correction and are presented as the mean ± SEM. *: p < 0.05; **: p < 0.01; n.s.: not significant (p > 0.05). N = 3-5 mice per genotype.
Altered expression of miR-132 target genes in miR-132/212 cKO and miR-132 transgenic mice
Given the significant alterations in baseline anxiety in miR-132 transgenic mice, and that miRNAs repress the translation of mRNA targets, we examined the expression of Sirt1 and Pten-two miR-132/ 212 targets that are expressed within the hippocampus and amygdala (Lachyankar et al., 2000; Ramadori et al., 2008; Zakhary et al., 2010) and that influence synaptic plasticity and anxiety (Gao et al., 2010; Kwon et al., 2006; Libert et al., 2011; Lugo et al., 2014; Michán et al., 2010) .
Marked Sirt1 immunohistochemical (IHC) labeling was observed throughout the hippocampus and amygdala of WT mice (Fig. 5A) . Interestingly, quantitative densitometric analysis of the IHC labeling revealed a significant effect of genotype on the expression of Sirt1 (Fig. 5B F (2, 35) = 5.247, p = 0.0043; two-way ANOVA). Specifically, Sirt1 expression was significantly higher in the GCL of WT mice compared to miR-132 transgenic mice (Fig. 5B t (7) = 2.827, p = 0.023; Bonferroni post-hoc test), and in the GCL of miR-132/212 cKO mice compared to miR-132 transgenic mice (Fig. 5B t (8) = 3 .785, p = 0.0017; Bonferroni post-hoc test). Additionally, expression of Sirt1 in the amygdala of miR-132/212 cKO mice was significantly higher relative to expression in miR-132 transgenic mice (Fig. 5B t (8) = 3 .325, p = 0.0062; Bonferroni post-hoc test). Sirt1 expression within the CA1 and lateral amygdala showed a trending increase in miR-132/212 cKO mice relative to miR-132 transgenic mice, though significance was not reached after Bonferroni correction (Fig. 5B t (8 Turning to Pten (Fig. 6 ), we found a significant effect of genotype on the expression of Pten within the forebrain (Fig. 6B F (2, 40) = 11.66, p = 0.0001; two-way ANOVA). In particular, Pten expression within the CA1 was significantly lower in miR-132 transgenic mice relative to miR-132/212 cKO mice (Fig. 6B t (8) = 3 .318, p = 0.0058; Bonferroni post-hoc test). Further, in the CA3 and GCL subregions of the hippocampus, a trend was observed, wherein Pten expression was higher in miR-132/212 cKO animals relative to miR-132 transgenic animals, though significance was not reached (Fig. 6B t (8) = 2.448, p = 0.0566 for GCL and t (8) = 2.37, p = 0.0681 for CA3; Bonferroni post-hoc tests). Additionally, a trending increase in PTEN expression was also noted in the GCL of miR-132/212 cKO animals relative to WT animals, though the data did not pass Bonferroni correction (Fig. 6B t (9) = 2.23, p = 0.0944). Fig. 6 . Profiling PTEN expression in miR-132/212 cKO and miR-132 transgenic mice (A) Representative immunohistochemical labeling for PTEN in the hippocampus and amygdala of WT (blue), miR-132/212 cKO (red), and miR-132 transgenic animals (green). The boxed regions in the lowmagnification images approximate the locations of the regions that are depicted in the high-magnification panels (to the right for the hippocampus, and inset for the amygdala). (B) Quantification of PTEN immunolabeling in the hippocampus and amygdala. Note the increased expression of PTEN within the miR-132/212 cKO mice. Scale bar = 50 μm for the low magnification images (i.e., whole hippocampus and amygdala) and 30 μm for the high magnification images (i.e., CA1 cell layer and GCL-lower blade). Data were analyzed by two-way ANOVA with Bonferroni post-hoc correction and are presented as the mean ± SEM. **: p < 0.01; n.s.: not significant (p > 0.05); N = 3-6 mice per genotype.
Discussion
The over-arching goal of this project was to elucidate the role of the miR-132/212 locus in the regulation of stress responsiveness and anxiety. Here, we demonstrate that both miR-132 and miR-212 are induced in two stress-responsive regions-the hippocampus and amygdala-after an acute stress paradigm and in the amygdala after a chronic stress paradigm. Further, we show that dysregulation of forebrain miR-132/212 expression alters baseline anxiety levels. Taken together, these data suggest that the miR-132/212 locus modulates stress-and anxiety-like behavior.
Induction of the miR-132/212 locus after acute and chronic stress
With respect to the multimodal stress results, to our knowledge, this is the first study to show induction of miR-132 after an acute stress paradigm. The rather rapid (less than 6 h after stress onset) induction of miR-132 is not surprising given its highly inducible nature and classification as an early response miRNA (Lagos et al., 2010) . Along these lines, Wibrand et al. (2010) noted an upregulation of both mature miR-132 and miR-212 just 2 h after the onset of LTP within the dentate gyrus of rats. Similarly, increased miR-212 expression has yet to be reported after an acute stressor, though its induction is not unexpected given that it is expressed from the same primary transcript as miR-132 (Vo et al., 2005) .
Interestingly, our findings that the miR-132/212 locus is induced in the hippocampus and amygdala following acute stress and only in the amygdala following chronic stress-mirror the biphasic effects that are observed in many stress-related disorders. Indeed, acute stress often enhances synaptic transmission in forebrain regions, leading to increases in dendritic spine density within the hippocampus (Komatsuzaki et al., 2012; Shors et al., 2001) , while repeated or chronic stress often reduces transmission and promotes dendritic retraction in the hippocampus (Magariños et al., 1996; Vyas et al., 2002; Watanabe et al., 1992) , but not in the amygdala (Musazzi et al., 2015; Rosenkranz et al., 2010) .
In line with the idea that acute stress facilitates synaptic transmission, the transgenic upregulation of miR-132 in hippocampal neurons increases dendritic spine density (Hansen et al., 2010) and enhances dendritic morphogenesis (Wayman et al., 2008) . Given our observed induction of miR-132/212 within the hippocampus after acute stress, but not after chronic stress, it would be interesting to examine whether increases in dendritic spine density after acute stress are miR-132/212 dependent, and whether decreases in spine density after chronic stress are miR-132/212 independent. Consistent with the latter idea, Yi et al. (2014) reported a marked downregulation in miR-132 expression within the hippocampus following a chronic unpredictable stress paradigm, coinciding with the atrophy of dendrites and loss of synapses that is often observed during chronic stress paradigms as part of the biphasic action of stress (Musazzi et al., 2015) .
Turning to the amygdala, both acute and chronic stress lead to increases in basolateral amygdalar neuron dendritic length/arborization (Cui et al., 2008; Hill et al., 2011; Kim et al., 2014; Mitra et al., 2005; Vyas et al., 2002) . These neurons are also more hyperactive (Correll et al., 2005; Padival et al., 2013; Rosenkranz et al., 2010; Zhang and Rosenkranz, 2012) and have a greater number of NMDA receptors compared to non-stressed, control animals (Lei and Tejani-Butt, 2010) . Consistent with this, imaging studies have shown that the amygdala and insula are hyperactive in patients with social anxiety and specific phobia disorder (Etkin, 2012; Etkin and Wager, 2007) , and in patients who are 'anxiety-prone' (Stein et al., 2007) . Given that bouts of both brief and prolonged stress increase the dendritic complexity of amygdalar neurons, and that we found miR-132/212 to be induced after both acute and chronic stress paradigms, one may postulate that miR-132 and miR-212 could be contributing to the observed increased physiological drive of amygdalar neurons after both transient and long-lasting stress. Hence, future studies aimed at examining if and how the miR-132/212 locus is involved in the molecular network that leads to changes in dendritic morphology and synaptic activity within the amygdala after stress, are highly merited.
Bidirectional miR-132 dysregulation increases anxiety-related behaviors
Our data showing an upregulation of the miR-132/212 locus after stress prompted us to turn to the question of whether this locus contributes to anxiety-like behavior. Interestingly, we found that miR-132 transgenic mice displayed a heightened anxiety phenotype in both the elevated plus maze and open field paradigms. To our surprise, miR-132/212 cKO mice also exhibited anxiety behaviors, albeit to a lesser degree than the miR-132 transgenic animals. Of note, this phenotype in the miR-132/212 cKO animals is in line with a prior study, which showed that miR-132/212 germline knockout mice spent slightly more time freezing in the open field test and less time in the open arms of the elevated plus maze, though significance was not reached (HernandezRapp et al., 2015) . On the surface, the observation that both miR-132/ 212 gain-and loss-of-function facilitates anxiety-like behaviors could be viewed as counter-intuitive. However, it should be noted that prior work from our lab has revealed that both miR-132 over-expressing mice and miR-132/212 cKO mice display cognitive deficits in several learning and memory paradigms (Hansen et al., 2016 (Hansen et al., , 2013 (Hansen et al., , 2010 . Thus, in many respects, the anxiety phenotype that we observed after both knocking out and over-expressing miR-132, parallels the noted cognitive effects. Hence, these results suggest that tight regulation of miR-132 (and perhaps miR-212) is also necessary for maintenance of 'normal' basal anxiety levels. Consistent with this hypothesis, by titering transgenic miR-132 expression to physiological levels, we found that the anxiety phenotype was abolished in miR-132 transgenic animals. Further, given that the miR-132/212 locus is tightly regulated by the CREB/CRE transcriptional pathway (Vo et al., 2005) , it is interesting to note that there also appears to be an optimal range of CREB activity that is required for the maintenance of 'normal' anxiety, as both knockdown and over-expression of CREB has been show to increase anxiogenic behaviors (Valverde et al., 2004; Vogt et al., 2014; Wallace et al., 2004) .
The idea that there exists an optimal range of miR-132 (and perhaps miR-212) expression, below or above which anxiety-related behaviors are increased, is in line with several studies related to the role of forebrain excitatory/inhibitory (E/I) balance. Intriguingly, many groups have posited that anxiety disorders emerge and/or are potentiated by the dysregulation of E/I balance within the molecular network that comprises the limbic system (Ferraguti, 2018; Nuss, 2015; Tovote et al., 2015) . In support of this idea, synaptic transmission is reduced in the hippocampus and cortex of miR-132/212 knockout animals (Luikart et al., 2011; Remenyi et al., 2013) , while mEPSC amplitude and frequency are increased and synaptic depression is decreased after miR-132 over-expression (Edbauer et al., 2010; Lambert et al., 2010) . Whether miR-132/212 regulates E/I balance in limbic brain regions remains an intriguing avenue for future study.
Here it should be noted that in the CNS, miR-132 is expressed at a much higher level than miR-212 (Remenyi et al., 2016; our unpublished data) . This observation combined with the fact that miR-132 and miR-212 share a common seed sequences (and thus, are predicted to have a good degree of functional redundancy), led us to focus our transgenic over-expression approach solely on miR-132. The combination of findings showing that 1) transgenic miR-132 elicits anxiety-like behavior, and 2) that this phenotype is reversed with doxycycline treatment provides solid support for the idea that elevated levels of miR-132 (and possibly miR-212) couple stress to the manifestation of anxiety-like behavior. Here, one caveat regarding the transgenic miR-132 mouse line should be noted: tonically high levels of transgenic miR-132 are expressed via the CaMKII-tTA driver through late stage development and into maturity. As such, there may be long-term compensatory processes that could contribute to the anxiety-like phenotype. Approaches in which transient induction of transgenic miR-132 expression is initiated (via withdrawal of doxycycline from the drinking water after maturation) would be needed to obviate these issues. Similarly, deletion of the miR-132 locus (via the same CaMKII promotor construct), could also result in compensatory processes; additional experiments that employ inducible gene deletion approaches in mature animals (e.g., via the use of a tamoxifen-inducible CRE) would provide an excellent, further, test of the data reported here.
Altered expression of miR-132/212 target genes
The anxiety-like phenotype of miR-132 transgenic and miR-132/ 212 cKO mice reported here likely results from alterations in the expression patterns of both direct and indirect targets of miR-132/212. Notably, prior gene profiling methods have found that the deletion or over-expression of miR-132/212 leads to changes in the expression of hundreds of genes (Hansen et al., 2016; Mazziotti et al., 2017) . Given the complexity of the miR-132/212-gated transcriptome, we chose to examine the expression levels of two miR-132/212 targets that have been shown to affect anxiety-like behavior: Sirt1 and Pten. Sirt1 is a NAD-deacetylase that has been characterized as a direct target of miR-132 (Gong et al., 2016; Miyazaki et al., 2014; Strum et al., 2009; Zhang et al., 2014) .
Though not yet validated, Sirt1 and miR-212 also show strong hybridization capacity (microRNA.org). Of relevance to this study, Sirt1 has been shown to mediate anxiety behavior and exploratory drive (Libert et al., 2011) . Indeed, knocking down or overexpressing Sirt1 leads to anxiogenic behaviors (Libert et al., 2011; Kim et al., 2016) . Though miR-132-mediated actuation of anxiety-like behavior likely involves multiple gene targets, it is interesting to note that Sirt1 expression was reduced in the hippocampus and amygdala of miR-132 transgenic mice. Further, consistent with data obtained from our chronic stress qPCR results (Aten et al., 2018b; Fig. 1G and J) , Sirt1 protein was decreased in the amygdala of chronically stressed WT mice, whereas it remained unchanged within the hippocampus (Fig. 2 , Data in Brief; submitted). Taken together, these data raise the prospect that miR-132 regulation of Sirt1 may play a role in stress-induced anxiety.
We next examined the expression of Pten, a key regulator of the PI3K/AKT/mTOR signaling pathway. With respect to its post-transcriptional regulation, Pten has been validated as a target of miR-132 by multiple groups (Hanin et al., 2017; Wong et al., 2013; Zhang et al., 2017) . Additionally, miR-212 and Pten also show a robust predicted hybridization capacity (microRNA.org). Our interest in Pten was heightened by data showing that Pten conditional knockout mice display social deficits and anxiety-like behavior (Kwon et al., 2006; Zhou et al., 2009) and that knockdown of Pten also decreases amygdalar spine density and increases mEPSC frequency and amplitude (Haws et al., 2014) , suggestive of a role for its regulation of synaptic activity in limbic regions. Intriguingly, our immunohistochemical data revealed a decrease in Pten in the CA1 of miR-132 transgenic animals. Given these results, a deeper understanding of the cellular signaling events that regulate Pten expression at baseline and after stress, may be of merit.
Finally, we should reiterate that while altered expression of either Sirt1 or Pten could significantly affect molecular/cellular signaling pathways that modulate anxiety states, we are not attributing the anxiety phenotype of the miR-132/212 cKO or miR-132 transgenic mice to the singular dysregulation of either target gene. However, in line with the idea of miRNA-target signaling regulation, the results that we present here suggest that dysregulation of the miR-132/212 locus leads to profound changes in gene expression that underlie stress and anxiety behavior.
Conclusions
Our data reveal a novel role for the miR-132/212 locus in the regulation of stress response and anxiety. Given that dysregulation of this locus is associated with a number of neurological diseases (see Wanet et al., 2012 for review), these findings raise compelling questions about the molecular underpinnings of miR-132/212 signaling and the importance of this locus in the etiology and regulation of other psychiatric and mood related disorders. Indeed, new genome editing technologies, novel small-molecule delivery techniques, and recent advances in exosomal non-coding RNA, may be utilized to characterize miRNAs as both biomarkers and/or therapeutic targets for several psychiatric conditions. To this end, additional work investigating the miR-132/212 locus and its molecular interactions in other psychopathologies is highly merited.
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